Using pp collision data corresponding to an integrated luminosity of 8.5 fb −1 recorded by the LHCb experiment at centre-of-mass energies of √ s = 7, 8 and 13 TeV, the observation of an excited B + c state in the B + c π + π − invariant-mass spectrum is reported. The state has a mass of 6841.2 ± 0.6 (stat) ± 0.1 (syst) ± 0.8 (B + c ) MeV/c 2 , where the last uncertainty is due to the limited knowledge of the B + c mass. It is consistent with expectations of the B c (2 3 S 1 ) + state reconstructed without the low-energy photon from the B c (1 3 S 1 ) + → B + c γ decay following B c (2 3 S 1 ) + → B c (1 3 S 1 ) + π + π − . A second state is seen with a global (local) statistical significance of 2.2 σ (3.2 σ) and a mass of 6872.1 ± 1.3 (stat) ± 0.1 (syst) ± 0.8 (B + c ) MeV/c 2 , and is consistent with the B c (2 1 S 0 ) + state. These mass measurements are the most precise to date.
The B c meson family is unique in the Standard Model as its states are formed from two heavy quarks of different flavours. The spectrum of masses of B c mesons can reveal information on heavy-quark dynamics and improve the understanding of the strong interaction. Specifically, it provides tests of nonrelativistic quark-potential models [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , which have been successfully applied to quarkonium, since the B c family shares properties with both the charmonium and bottomonium systems. The B c family is predicted to have a rich spectroscopy by various potential models [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and lattice quantum chromodynamics [12] . However, the B c mesons are much less explored compared to quarkonia due to the small production rate, since their predominant production mechanism requires the production of both cc and bb pairs. The ground state meson, B Charge conjugation is implied throughout this Letter.
Excited B + c states that lie below the threshold for decay into a beauty and charm meson pair are expected to have decay widths smaller than a few hundred keV [3, 4] . Depending on its mass, an excited B The detector elements that are particularly relevant to this analysis are: a silicon-strip vertex detector surrounding the pp interaction region that allows c and b hadrons to be identified from their characteristically long flight distance; a tracking system that provides a measurement of the momentum, p, of charged particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c; and two ring-imaging Cherenkov detectors that are able to discriminate between different species of charged hadrons. The minimum distance of a track to a primary vertex (PV), the impact parameter (IP), is measured with a resolution of (15 + 29/p T ) µm, where p T is the component of the momentum transverse to the beam, in GeV/c. The online event selection is performed by a trigger, which consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, which applies a full event reconstruction. At the hardware stage, events are required to have at least one muon with high transverse momentum, p T , or a hadron with high transverse energy. At the software stage, two muon tracks or three charged tracks are required to have high p T and to form a secondary vertex with a significant displacement from the interaction point. The momentum scale in data is calibrated using the J/ψ and B + mesons [40] with well-known masses. Simulated samples are used to model the signal behaviour. In the simulation, pp collisions are generated using Pythia 6 [41] with a specific LHCb configuration [42] . The generator BcVegPy [33] is used to simulate the production of B + c mesons. Decays of unstable particles are described by EvtGen [43] , in which final-state radiation is generated using Photos [44] . The interaction of the generated particles with the detector, and its response, are implemented using the Geant4 toolkit [45] as described in Ref. [46] .
To form the B IP is defined as the difference in the vertex-fit χ 2 of a given PV reconstructed with and without the particle under consideration. The pion must have p T > 1000 MeV/c, good track-fit quality, and be inconsistent with originating from any PV. The B + c candidate is required to have a good-quality vertex, a trajectory consistent with coming from its associated PV, and a decay time larger than 0.2 ps.
To further suppress background, a boosted decision tree (BDT) [47, 48] classifier is used. The input variables of the BDT classifier are taken to be the p T of each muon, the J/ψ meson and the charged pion; the decay length, decay time and vertex-fit χ 2 of the B An unbinned maximum-likelihood fit is performed to the M (J/ψ π + ) distribution. To improve the mass resolution, the mass M (J/ψ π + ) is calculated by constraining the J/ψ mass to its known value [49] and the B + c meson to originate from the associated PV [50] . The signal component is described by a Gaussian function with asymmetric power-law tails [51] . The parameters of the tails are determined from the simulation, while the mean and width of the Gaussian function are left free in the fit. The combinatorial background is modelled with an exponential function. The contamination from the Cabibbo-suppressed decay B + peak is modelled by a Gaussian function with asymmetric power-law tails [51] . The tail parameters are fixed to the values determined from simulation, while the Gaussian mean and width are treated as free parameters. The combinatorial background is described by a second-order polynomial function.
The fit to the ∆M distribution is shown in Fig. 4 , and the results are summarised in Table 1 . The B * c (2S) + signal yield is determined to be 51 ± 10 (stat), corresponding to a local statistical significance of 6.8 σ. The significance is evaluated with a likelihood-based test, in which the likelihood distribution of the background-only hypothesis is obtained using pseudoexperiments [52] . The yield of the B c (2S) + state is 24 ± 9 (stat) with a local statistical significance of 3.2 σ. The Gaussian widths of the two peaks are consistent with the expectation of negligible resonance widths. The mass difference between the two peaks is measured to be 31.1 ± 1. + state [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 55] , the global statistical significances of the two states are determined to be 6.3 σ and 2.2 σ, respectively.
Several sources of systematic uncertainty on the determination of the mass difference ∆M are studied. The dominant contribution is from the uncertainty on the momentum scale, which is due to imperfections in the description of the magnetic field and the imperfect alignment of the subdetectors. The uncertainty of the momentum calibration is estimated using other particles, such as K 0 S and Υ mesons, and leads to an uncertainty of 0.12 MeV/c 2 on the ∆M measurements. The unreconstructed photon emitted in the B * c (2S) + decay chain could be an additional source of systematic uncertainty. Studies on simulated events show that the missing photon introduces a small bias, and a correction of +0.08 MeV/c 2 , with negligible uncertainty, is applied to the fitted value of the B * c (2S) + mass peak. All other systematic uncertainties are negligible and are briefly described as follows. The effects of the imperfect modelling of the signal and background components are estimated by using alternative models. The alternative model for the signal peaks uses Hypatia functions [56] , while for the background the alternative model consists of a sum of two threshold functions, each of the form (∆M − m t ) p × e −C·(∆M −mt) , where p and C are free parameters, and m t represents the threshold, which is taken to be 2m π ± . The changes in ∆M obtained with the alternative models are found to be negligible. The effect of final-state radiation is also studied with simulated events and the associated uncertainty on the fitted mass values is found to be negligible. The total systematic uncertainty on ∆M for both the B c (2S) + and B * c (2S) + states of 0.12 MeV/c 2 is fully correlated, and therefore cancels in the mass difference of the two peaks.
In conclusion, using pp collision data collected by the LHCb experiment at centreof-mass energies of √ s = 7, 8 and 13 TeV, corresponding to an integrated luminosity of 8.5 fb The mass difference of the two B LHCb collaboration
